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Activation of the embryonic genome during preimplantation mouse development is characterized by a marked reprogram-
ming of gene expression that is essential for further development. Expression of the protein translation initiation factor
eIF-1A gene is driven by a proximal TATA-containing promoter and a distal TATA-less promoter. Using specific
amplification of cDNA ends that resolves transcripts derived from the TATA-less and TATA-containing promoters, we find
that 70% of the eIF-1A transcripts are derived from the TATA-containing promoter in the fully-grown oocyte. Activation
of the embryonic genome during the two-cell stage is accompanied by a change in promoter utilization such that only 25%
of the transcripts are now derived from the TATA-containing promoter, i.e., 75% are derived from the TATA-less promoter.
When one-cell embryos are cultured to the two-cell stage in the presence of a-amanitin, this change in transcript abundance
s not observed, i.e., the distribution of transcripts is similar to that observed in the oocyte. By the blastocyst stage only 5%
f the transcripts are generated from the TATA-containing promoter. If the change in TATA-box utilization for the eIF-1A
eflects an underlying global change in TATA-box utilization, a dramatic change in promoter utilization may occur during
reimplantation development such that TATA-less promoters are more efficiently utilized. Such a change in promoter
tilization could contribute significantly to the reprogramming of gene expression that occurs during the maternal-to-
ygotic transition. © 2000 Academic Press
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The activation of the embryonic genome in mouse em-
bryos, as detected by the synthesis of a-amanitin-sensitive
polypeptides (Flach et al., 1982), is clearly evident by the
two-cell stage and entails a striking reprogramming in the
pattern of gene expression (Latham et al., 1991). This
dramatic change in the gene expression profile is likely the
basis for the transformation of the differentiated oocyte into
totipotent blastomeres of the early cleavage-stage embryo.
Little is known, however, about the molecular underpin-
nings of this change. The conundrum is how a maternally
inherited transcription apparatus can direct this change in
gene expression.
One solution is that changes in chromatin structure may
modulate this reprogramming of gene expression. For ex-
ample, expression of a number of genes in the two-cell
embryo is linked to the first round of DNA replication
(Davis et al., 1996; Davis and Schultz, 1997). The disruption
of nucleosomes, which inherently repress transcription by
preventing the binding of transcription factors (Wolffe and
Hayes, 1999), would provide a window of opportunity for
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.maternally-derived transcription factors to gain access to
their cis-cognate DNA-binding sequences and thereby mark
the promoter for transcription. Changes in the state of
histone acetylation may also contribute to the reprogram-
ming of gene expression; histone acetylation is tightly
linked with the formation of transcriptionally permissive
chromatin (Wolffe and Hayes, 1999). For example, superim-
posed on the activation of the embryonic genome is the
development of a transcriptionally repressive state (Aoki et
al., 1997; Davis et al., 1996; Henery et al., 1995; Wiekowski
et al., 1993). This repression is likely at the level of
chromatin structure since treatments that induce histone
hyperacetylation by inhibiting histone deacetylases relieve
this repression (Aoki et al., 1997; Davis et al., 1996; Henery
et al., 1995; Wiekowski et al., 1993). Genome activation, in
conjunction with the formation of the transcriptionally
repressive state, likely establishes the appropriate pattern of
gene expression that is required for further development.
Developmental changes in chromatin structure, as well
as changes in the activity of the transcription apparatus, are
likely to modulate changes in promoter activity in the
preimplantation embryo. Such changes could clearly con-
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Copyright © 2000 by Academic Press. All rightstitute a major locus of regulation for the reprogramming of
gene expression that occurs during genome activation. In
fact, a striking change in TATA-box utilization is detected
using a plasmid-borne luciferase reporter gene (Majumder
and DePamphilis, 1994). In undifferentiated two- to eight-
cell blastomeres and embryonic stem cells, the expression
of a luciferase reporter gene driven by the tk promoter does
ot require a TATA box for either basal or enhancer-
timulated expression, i.e., a TATA-less promoter is essen-
ially as active as a TATA-containing promoter. In contrast,
he differentiated oocyte requires a TATA box for both
asal and enhancer-driven expression. Moreover, in the
ndifferentiated cells enhancer stimulation of the TATA-
ess promoter is mediated by an Sp1 DNA-binding site.
We previously demonstrated a transient increase in
IF-1A expression during the two-cell stage (Davis et al.,
996); eIF-1A is involved in selecting the appropriate me-
mouse eIF-1A gene and generation of different forms of eIF-1A
t sites, A and A9, that are separated by 30 bp and give rise to an
40 bp of intervening sequence are removed. The TATA-containing
asterisk. The open, crosshatched, and shaded boxes indicate exons
8.5-kb intron in the 59 UTR is shown. Data are taken from Davis
template suitable for conventional PCR with the 59 amplification
primer and a 39 gene-specific primer. Although the cDNA produced
from a colinear mRNA that initiated transcription upstream of the
first start site (B cDNA) would also anneal to the extension
oligonucleotide, the complex would not serve as a polymerase
template because neither the 59 nor the 39 end of the extension
ligonucleotide can base pair with the cDNA. (B) Schematic
iagram depicting use of SPACE to detect the 2.8- and 2.0-kb
IF-1A transcripts derived from the TATA-less promoter and the
.2-kb eIF-1A transcript derived form the TATA-containing pro-
oter. For simplicity, the transcripts derived from the alternative
9 start site are not shown. In step 2, the extension oligo B does not
ind to the 2.0-kb transcript and does not extend the 2.8-kb
ranscript. In step 4, to distinguish the 2.8-kb transcript from the
.2- and 2.0-kb transcripts, the A13 primer sequence is within the
ntron and is 59 to the B transcription start site. In step 7, the A6
rimer is near the coding region and use of PCR conditions
istinguishes the 2.8-kb transcript from the 2.0-kb transcript, i.e.,
xtension conditions do not permit detection of the 2.8-kb tran-
cript. Adapted from Davis and Schultz (1998). Reproduced byFIG. 1. Schematic diagram depicting transcription start sites for the
ranscripts. The distal TATA-less promoter has two transcription star
nspliced 2.8-kb transcript and a 2.0-kb spliced transcript from which 8
romoter has a single transcription start site B and is demarcated with an
hat are alternatively spliced to generate multiple 59 UTR regions. An ;
and Schultz, 1998.FIG. 2. (A) Diagram of general SPACE methodology to depict
etection of mRNAs A and B that are derived from two transcrip
ion initiation sites. Following reverse transcription of RNA, an
xtension oligonucleotide is annealed to the 39 end of the first-
strand cDNA. Amplification occurs in two steps: the first step is an
extension of first-strand cDNA to incorporate the dissimilar se-
quence of the 59 flanking region of the extension oligonucleotide.
The extension oligonucleotide does not extend from its 39 end
because it does not base-pair match the cDNA. The second step is
the extension with a 59 amplification primer that base pairs to theermission of the publisher.
s of reproduction in any form reserved.
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277Gene Expression in Mouse Embryothionine initiation codon for translation (Pestova et al.,
998). In the two-cell embryo, transcription of this gene is
irected by a proximal TATA-containing promoter and a
istal TATA-less promoter that is situated 627 bp upstream
Davis and Schultz, 1998). We have exploited the presence
f these two promoters to test the hypothesis that changes
FIG. 2—n TATA-box utilization occur during preimplantation de- t
Copyright © 2000 by Academic Press. All rightelopment by assessing if such a change occurs for the
xpression of the endogenous eIF-1A gene. We report that in
he fully grown germinal-vesicle-intact oocyte about 70%
f the transcripts are derived from the TATA-containing
romoter and that this percentage decreases to 25, 7, and 5,
y the two-cell, eight-cell, and blastocyst stage, respec-
tinuedively.
s of reproduction in any form reserved.
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278 Davis and SchultzMATERIALS AND METHODS
Oocyte and Embryo Collection and Embryo
Culture
Oocytes were collected from PMSG-primed CF-1 mice (Harlan)
as previously described (Schultz et al., 1983). Metaphase II-arrested
eggs were collected from superovulated CF-1 mice as previously
described (Evans et al., 1995). Embryos were collected from CF-1
mice (Harlan) that were superovulated and mated to B6D2F1/J
males (The Jackson Laboratory) as previously described
(Poueymirou and Schultz, 1989). One-cell, two-cell, eight-cell, and
blastocysts were collected from either the oviducts or the uteri 18,
45, 69–76, or 96 h post-hCG. In some instances the flushed
blastocysts were cultured in KSOM1amino acids (Ho et al., 1995)
in a humidified atmosphere consisting of 5% CO2 in air at 37°C for
an additional 24 h. One-cell embryos were cultured in the presence
of 24 mg/ml a-amanitin to a time that corresponded to 45 h
post-hCG. The embryos were cultured in KSOM1amino acids in a
humidified atmosphere of 5% CO2 in air at 37°C.
Isolation of Oocyte and Embryo RNA
Total RNA was isolated from oocytes (;175), metaphase II-
arrested eggs (;175), two-cell embryos (;400), eight-cell embryos
(;300), and blastocysts ;100) as follows. Oocytes or embryos were
added to a tube containing 150 ml Trizol (GIBCO BRL) containing
0 mg of rRNA (Boehringer). Chloroform (30 ml) was added and
ollowing mixing, the sample was centrifuged for 15 min at 12,000g
t 4°C. The aqueous phase was removed and transferred to another
ube, to which was added 80 ml of isopropyl alcohol. The sample
as then mixed, incubated at room temperature for 10 min, and
entrifuged for 20 min at 12,000g at 4°C. The supernatant was
emoved and the pellet washed with 150 ml of 75% ethanol. After
he ethanol was removed and the pellet was briefly air-dried, the
ellet was resuspended in 20 ml of resuspension buffer (RS) (40 mM
Tris–HCl, pH 7.9, containing 10 mM NaCl and 6 mM MgCl2)
containing 5% RNasin (Promega) and 1 ml of RQ1 DNase (Pro-
ega). Following a 30-min incubation at 37°C, another 20 ml of RS
was added, followed by 40 ml of acidified phenol (Amresco). The
sample was then mixed and centrifuged for 5 min at 12,000g at 4°C.
The aqueous phase was removed and transferred to another tube.
RS (40 ml) was added to the organic phase and the sample was again
ixed and centrifuged for 5 min at 12,000g at 4°C. The aqueous
hase was removed and combined with the first aqueous phase.
ucleic acids were precipitated by the addition of 10 ml of 3 M
sodium acetate followed by the addition of 270 ml of 100% ethanol.
fter an overnight precipitation at 220°C, the nucleic acids were
ollected following centrifugation at 12,000g for 30 min at 4°C.
he supernatant was removed and the pellet was washed one time
ith 200 ml of 75% ethanol. The pellet was briefly air dried and
then resuspended in 21 ml of DEPC-treated water containing 5%
Nasin. The percentage recovery was calculated by measuring the
bsorbance at 260 nm. Recoveries were typically .85%.
Specific Amplification of cDNA Ends (SPACE)
The proximal TATA-containing promoter generates a 2.2-kb
transcript. The distal TATA-less promoter has two start sites that
are separated by 30 bp and is present as a spliced 2.0-kb transcript
and an unspliced 2.8-kb transcript (Fig. 1) (Davis and Schultz, 1998).
SPACE was used to detect these multiple eIF-1A transcripts. A r
Copyright © 2000 by Academic Press. All rightgeneral scheme for the SPACE method is shown in Fig. 2A and the
scheme used to detect the eIF-1A transcripts generated from the
TATA-less and TATA-containing promoters is shown in Fig. 2B; a
more general description of the method can be found in Davis and
Schultz (1998).
In the experiments described below, the entire RNA sample was
subjected to reverse transcription. The total RNA isolated from the
different numbers of oocytes and embryos took into account the
differences in RNA content for each of these stages such that
essentially similar amounts of RNA were subjected to reverse
transcription (Zimmermann and Schultz, 1994). Likewise, the
number of embryo equivalents subjected to PCR resulted in ap-
proximately equal amounts of cDNA being amplified.
Random hexamer oligonucleotides (300 pmol) were added and
the reaction mixture was heated to 70°C for 10 min and transferred
to ice for 2 min. The contents were collected by brief centrifugation
and incubated at 23°C for an additional 10 min. Reverse transcrip-
tion was performed for 90 min at 42°C in a 40-ml reaction
containing 50 mM Tris–HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2, 10
mM DTT, 1 mM dNTPs, 4 units RNAsin (Promega), and 400 units
of Superscript RT II (Life Technologies). The amplification was
conducted in two steps: a 10-min extension of the first-strand
cDNA to incorporate the dissimilar antisequence of the 59 flanking
region of the extension oligonucleotide, followed by extension with
the amplification primer that base pairs to the newly extended
cDNA to generate a double-stranded template suitable for conven-
tional PCR with the 59 or sense amplification primer and a
gene-specific 39 or antisense primer. The same extension primer
(S12) was used for extending the 2.8- and 2.0-kb transcripts initi-
ated from the distal transcription start site; the sequences for the
primers used are described in Table 1 and the nomenclature is the
same as that previously reported (Davis and Schultz, 1998). The
same extension primer (S13) was used for extending the 2.8- and
2.0-kb transcripts initiated from the distal A9 transcription start
site, 30 bp downstream of the distal A transcription start site. The
extension oligonucleotide S14 was used for extending the 2.2-kb
transcript initiated from the proximal transcription start site. The
same 59 or sense amplification primer (S15) was used for amplifi-
cation of the 2.8- and 2.0-kb-specific transcripts initiated from the
distal transcription start site. The same 59 or sense amplification
primer (S16) was used for amplification of the 2.8- and 2.0-kb-
specific transcripts initiated from the proximal A9 transcription
start site. The 59 or sense amplification primer S17 was used for
amplification of the 2.2-kb-specific transcript initiated from the
proximal transcription start site. The same 39 or antisense gene-
specific primer (A13) was used for amplification of the 2.8-kb-
specific transcripts initiated from the distal A and A9 transcription
start sites, respectively. The same 39 or antisense gene-specific
primer (A6) was used for amplification of the 2.0-kb-specific
transcripts initiated from the distal A and A9 transcription start
sites, respectively. Although these primers could also conceivably
amplify the 2.8-kb-specific transcript, since antisense primer A6 is
located near the coding region of the gene, PCR extension times
were kept short to amplify selectively the 2.0-kb-specific tran-
script. The 39 or antisense gene-specific primer A14 was used for
amplification of the 2.2-kb-specific transcript initiated from the B
transcription start site.
SPACE PCR was conducted as follows: 1 ml (containing 3.5
oocyte equivalents, 6 egg equivalents, 18 two-cell 1 a-amanitin
quivalents, 10 two-cell equivalents, 7.5 eight-cell equivalents, or
.5 blastocyst equivalents) of cDNA from the reverse transcription
eaction was used in a 50-ml reaction containing 200 mM dNTPs,
s of reproduction in any form reserved.
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279Gene Expression in Mouse Embryo13 Pwo buffer containing Mg21 (Boehringer), 5 pmol of the appro-
riate extension oligonucleotide, 50 pmol of the appropriate 59
ense amplification primer, 50 pmol of the appropriate antisense
ene-specific primer, 10 mCi of [a-32P]dCTP (3000 Ci/mmol; Am-
ersham), and 1.75 units of Pwo polymerase (Boehringer). PCR
extension and amplification was performed in a Perkin–Elmer 9600
thermocycler using the following program: 1 cycle at 94°C for 2
min, 70°C for 30 s, and 72°C for 10 min, followed by 32 cycles at
95°C for 15 s, 58°C for 30 s, and 68°C for 1 min. The products of
PCR amplification were analyzed by electrophoresis in a 8%
polyacrylamide gel. Following electrophoresis, the gel was dried
and the relative amount of each transcript was determined by
phosphorimager analysis in which the sum of the pixel volume
above background present in the region of the gel containing the
amplicon was divided by the total pixel volume above background
of all five amplicons.
When SPACE was performed on the oocytes and embryos, the
relative amounts of total eIF-1A transcript in the samples were not
precisely known. While such differences could lead to an inaccu-
rate comparison of relative transcript abundance measured at
different developmental stages, we observed that the relative
transcript abundance was essentially independent of the amount of
total eIF-1A transcript. In these experiments, the relative transcript
abundance was virtually identical when SPACE was performed
over a threefold range of mouse liver cDNA (data not shown). It
should be noted that the relative change in abundance of eIF-1A
transcripts between the oocyte, the two-cell, the eight-cell, and the
blastocyst stages is about three- to fourfold (De Sousa et al., 1998).
RESULTS
As discussed in the Introduction, a shift in TATA-box
utilization is detected during the maternal-to-zygotic tran-
sition using replication-deficient, plasmid-borne luciferase
reporter genes (Majumder and DePamphilis, 1994). Never-
theless, extrapolating these results to the behavior of en-
dogenous genes must be done cautiously for several rea-
sons. First, in contrast to endogenous genes, the reporter
genes do not undergo DNA replication (Henery et al., 1995).
TABLE 1
Primers Used for SPACE
Name Sequence (59 t
A6 CAACTGGGACACTGTGAATA
A13 TCTTAGTCTTGTCCTCATCTC
A14 GCTGCTGAGTGGACTTCCGG
S12 ggcgtacaacccctcTTGCCTAGGAA
S13 cggctacaacccataTCGTCCGGCTG
S14 cggctacaacgctgtCGTAACAGGAA
S15 GGCGTACAACCCCTCTTGC
S16 CGGCTACAACCCATATCGT
S17 CGGCTACAACGCTGTCGTA
Note. For primers S12–S14, the capital letters refer to sequence t
sequence, while the small letters refer to nonhomologous sequenc
(Davis and Schultz, 1998).Second, while the plasmid DNA is assembled into chroma- s
Copyright © 2000 by Academic Press. All rightin (Chalifour et al., 1986), the precise nature of this
hromatin structure is unknown. Third, the reporter genes
re typically driven by a synthetic promoter that does not
xist in nature. To test whether endogenous genes could
anifest such a developmental change in promoter utiliza-
ion, we examined developmental changes in the utiliza-
ion of the TATA-containing and TATA-less promoters of
he eIF-1A gene. The intrinsic advantage of this model
ystem is that the relative transcript abundance reflects an
nternal competition of the two promoters that direct the
xpression of the same endogenous gene that intrinsically is
n a native chromatin context.
In the fully-grown, differentiated oocyte the predominant
orm of the eIF-1A transcript (;70%) was derived from the
ATA-containing promoter (Figs. 3A and 4A). In addition,
n the oocyte there was a small increase in the relative
bundance of spliced transcripts derived from the TATA-
ess promoter, relative to unspliced transcripts. Last, for the
pliced and unspliced transcripts, each of which have two
nitiation sites that are separated by 30 bp, the larger
ranscript was moderately more abundant. The observation
hat the relative abundance of these transcripts was essen-
ially the same in metaphase II-arrested eggs (Figs. 3B and
B) suggests that the stability of each of the transcripts was
omparable, since there is no detectable transcription in the
etaphase II-arrested egg and the total amount of eIF-1A
ranscript decreases during oocyte maturation (De Sousa et
l., 1998).
Analysis of two-cell embryos revealed a marked in-
rease in the relative abundance of transcripts derived
rom the TATA-less promoter, with the spliced form
eing dominant (Figs. 3D and 4D). By the two-cell stage,
ranscripts derived from the TATA-containing promoter
onstituted about 25% of the total. The increase in the
elative abundance of transcripts derived from the TATA-
ess promoter was likely due to the production of newly
ynthesized transcripts, since a transcript distribution
Nucleotide position
AAGATCC 1018–1047
GAACAT 217–246
TGGTTCTACTC 810–843
CGCGTCGTgaaa 1–22
CGGGGAAGtaaa 31–52
GGTGTTCCaaac 628–649
present in the gene and the numbers indicate the position of that
e primer nomenclature is the same as that as previously reportedo 39)
TAG
TGA
CTC
GGG
TGA
TCG
hat is
e. Thimilar to that in the oocyte/egg was found in two-cell
s of reproduction in any form reserved.
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280 Davis and Schultzembryos that were cultured from the one-cell stage in the
presence of the transcription inhibitor a-amanitin (Figs.
C and 4D).
Further development to the eight-cell stage was asso-
iated with a further decrease in the relative abundance
f transcripts derived from the TATA-containing pro-
oter and a reciprocal increase in those generated from
he TATA-less promoter (Figs. 3E and 4E). By this stage
nly 7% of the transcripts could be attributed to the
ATA-containing promoter. As in the two-cell embryo,
he spliced form was the major form and of the two
FIG. 3. Developmental changes detected by SPACE in relative
abundance of eIF-1A transcripts driven by the TATA-less and
TATA-containing promoter. The experiment was performed three
times for oocytes, metaphase II-arrested eggs, and two-cell em-
bryos; four times for eight-cell embryos; and five times for blasto-
cysts. The experiment was conducted twice when one-cell embryos
were cultured in the presence of a-amanitin to the two-cell stage.
ach experiment represents an independent SPACE analysis from
n independently collected group of cells. Shown are typical
rofiles for each developmental stage.ranscripts, the larger form of the spliced transcript was
Copyright © 2000 by Academic Press. All rightominant. The bulk of eIF-1A expression in the blasto-
yst that developed in vivo was also directed by the
ATA-less promoter (Figs. 3F and 4F). A similar profile
as observed when the flushed blastocysts were cultured
n vitro for an additional 24 h.
DISCUSSION
The results presented here describe a dramatic change in
promoter utilization for the eIF-1A gene that accompanies
genome activation and becomes more pronounced with
preimplantation development, namely, the TATA-less pro-
moter becomes more efficiently utilized relative to the
TATA-containing promoter. It is unlikely that this change
reflects changes in transcript stability. Degradation of ma-
ternal mRNAs initiates during oocyte maturation and for
most mRNAs is essentially complete by the two-cell stage
(Schultz, 1993). Nevertheless, the relative abundance of the
eIF-1A transcripts derived from the TATA-containing and
TATA-less promoters present in both metaphase II-arrested
eggs and a-amanitin-treated one-cell embryos cultured to
the two-cell stage is similar to that in the oocyte. Thus,
each of the transcripts displays a similar apparent relative
stability during a time of pronounced mRNA degradation.
A similar change in TATA-box utilization is observed for
a plasmid-borne luciferase reporter gene; i.e., TATA-less
promoters are more efficiently used in the blastomeres
relative to the oocyte (Majumder and DePamphilis, 1994).
The finding that similar developmental changes in TATA-
box utilization are observed for both a synthetic and a
naturally occurring promoter suggests that it reflects an
underlying global change in TATA-box utilization. It
should also be stressed that the concordance of our results
with those derived from plasmid-borne reporter genes pro-
vides additional support for the use of such reporter genes to
study developmental changes in gene expression in the
preimplantation embryo.
Activation of the embryonic genome is associated with
accumulation of the spliced form of the eIF-1A transcript
derived from the TATA-less promoter. It should be noted
that, whereas both the unspliced transcript derived from
the TATA-less promoter and the transcript derived from
the TATA-containing promoter contain multiple upstream
AUG codons that could give rise to multiple small ORFs,
these are not present in the spliced transcript generated
from the TATA-less promoter (Davis and Schultz, 1998).
Thus, it is possible that the predominant transcript gener-
ated following genome activation may be the one that is
most efficiently translated.
The molecular basis for this change in TATA-box utili-
zation is not known. The global decrease in DNA methyl-
ation that occurs during preimplantation development
(Howlett and Reik, 1991; Monk et al., 1987) could provide
one locus of regulation. Although it is not clear if this
decrease is passive (Rougier et al., 1998) and simply a
consequence of DNA replication or whether it is the result
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All righta demethylase activity (Bhattacharya et al., 1999) or both,
the decrease in global DNA methylation reaches a nadir
around the blastocyst stage. The linkage between DNA
methylation and repression of transcription is now better
understood (Bestor, 1998; Eden et al., 1998; Jones et al.,
1998; Nan et al., 1998; Ng and Bird, 1999). Proteins such as
MeCP2 bind to methylated DNA and interact with sin3A,
which in turn interacts with histone deacetylase. This
would, in principal, result in the formation of transcription-
ally repressive chromatin due to a deficiency in acetylated
histones and the consequent restriction of transcription
factor access to regulatory DNA elements. GC-rich Sp1
binding sites are frequently located near the TATA-less
promoter’s transcription start site (Bird, 1986), and in fact,
Sp1 appears to substitute for the TATA box to direct
recruitment of RNA polymerase (Pugh and Tjian, 1991).
Methylation of these sites could confer localized transcrip-
tional repression of TATA-less promoters, whereas demeth-
ylation could result in a localized increase in histone
acetylation that would in turn stimulate transcription from
the TATA-less promoter now situated in transcriptionally
permissive chromatin.
The increase in the amount of a basal transcription factor
such as Sp1 could also account for such a developmental
change in TATA-box utilization. As mentioned previously,
TATA-less promoters frequently use Sp1 to recruit TBP and
ultimately RNA polymerase. For the plasmid-borne lucif-
erase reporter gene, a distal Sp1 site is required for expres-
sion of the TATA-less gene, as well as enhancer-stimulated
expression (Majumder and DePamphilis, 1994). The
amount of Sp1 increases during preimplantation develop-
ment (Worrad and Schultz, 1997) and the increase is first
observed by the two-cell stage (Majumder and DePamphilis,
1994). The increase in the amount of this ubiquitous
transcription factor could stimulate transcription from
TATA-less promoters simply as a consequence of mass
action considerations.
A third possibility is that associated with genome activa-
tion is the increased expression of a coactivator that bridges
a nucleating protein, such as Sp1, with TBP. In this regard,
it is interesting to note that a coactivator activity necessary
for enhancer-mediated stimulation of a plasmid-borne re-
porter gene is low in oocytes and appears following genome
activation (Lawinger et al., 1999; Majumder et al., 1997).
Obviously, changes in DNA methylation, Sp1 abundance,
and expression of a coactivator are not mutually exclusive
and could, in fact, interact synergistically.
A developmental increase in promoter utilization of
TATA-less genes would likely result in the increased ex-
pression of housekeeping genes, which are frequently regu-
the two-cell/eight-cell/blastocyst are significant (P , 0.001;
ANOVA). The differences between the two-cell and the eight-cell/FIG. 4. Quantification of changes in the relative abundance of
eIF-1A transcripts driven by the TATA-less and TATA-containing
promoter during preimplantation development. The data were
quantified as described under Materials and Methods. The results
are expressed as the means 6 SEM, except for when one-cell
mbryos were cultured in the presence of a-amanitin to the
wo-cell stage; in this case the data are presented as the means 6
he range. For the 2.2-kb transcript derived from the TATA-
ontaining promoter, the differences between the oocyte and theblastocyst are also significant (P , 0.005; ANOVA).
s of reproduction in any form reserved.
282 Davis and Schultzlated by a TATA-less promoter (Bird, 1986). During preim-
plantation development there is a dramatic increase in the
energy demands of the embryo. For example, increased rates
of transcription (Clegg and Piko´, 1977) and protein synthe-
sis (Schultz et al., 1979), increased levels of ATP-dependent
glucose and amino acid transport, and an increase in the
overall rate of oxygen consumption occur during preim-
plantation development (Kaye, 1986). The more efficient
transcription of housekeeping genes as a consequence of an
increased activity of TATA-less promoters could provide a
mechanism to support this increased energy demand.
A more efficient use of TATA-less promoters would also
result in the upregulation of genes critical to the differen-
tiation of the preimplantation embryo. Oct-4, which is a
member of the family of POU transcription factors, is
driven by a TATA-less promoter that requires a critical Sp1
site for its expression (Pesce et al., 1998). Interestingly, de
novo methylation of CpG islands in the 59 putative regula-
tory region results in repression of Oct-4 expression (Ben-
Shushan et al., 1993). Oct-4 expression is essential for
maintenance of totipotent cells of the inner cell mass, since
ablation of Oct-4 function results in a blastocyst with no
functional inner cell mass cells (Nichols et al., 1998).
Rather, only trophectoderm cells are present. The switch in
promoter utilization that accompanies genome activation
may, therefore, contribute to the increase in Oct-4 expres-
sion that accompanies preimplantation development.
In summary, results presented here describe a remarkable
change in TATA-box utilization for the eIF-1A gene that
accompanies genome activation and the formation of toti-
potent blastomeres in which the TATA-less promoter is
more efficiently utilized. If this change reflects an underly-
ing global change in TATA-box utilization, such a change
could clearly contribute to the dramatic reprogramming of
gene expression that occurs during genome activation and
with further development. Whether this change reflects
underlying changes in chromatin structure or the activity of
specific transcription factors is unresolved.
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